exponent) in anterior-posterior and medio-lateral directions in forward and lateral running patterns. For 23 this purpose, fifteen healthy, male participants ran in a forward and lateral direction on a treadmill at their 24 preferred running speeds. Coordinate data of passive reflective markers attached to body segments were 25 recorded using a motion capture system. Results indicated that: 1) there is lower dynamic stability in the 26 primary plane of progression during both forward and lateral running suggesting that, unlike walking, 27 greater control might be required to regulate dynamic stability in the primary plane of progression during 28 running, 2) as in walking, the control of stability in anterior-posterior and medio-lateral directions of 29 running is dependent on the direction of progression, and 3), quantifying magnitude of variability might 30 not be sufficient to understand control mechanisms in human movement and directly measuring dynamic 31 6
Data recording 107
The three-dimensional coordinate data of the markers were recorded using five Vicon ® VCAM motion 108 capture calibrated cameras (Oxford Metrics, Oxford, UK) at the sampling frequency of 100 109 samples/second. Reconstruction and labelling were performed using Vicon ® Workstation software 110 (Oxford Metrics, Oxford, UK). 111
Data analysis 112

Linear measures of foot placement variability 113
For both running patterns, the variability was quantified for the foot placement variables introduced in 114 Table 1 . To calculate the linear measures of foot placement variability, position data werefirst filtered 115 using a fourth-order low-pass Butterworth filter with 10 Hz cutoff frequency. Position data for individual 116 strides were time-normalized to 100 data points for all participants. For forward running, each stride cycle 117 was determined from point of heel contact to heel contact of the same foot. Heel contacts were identified 118 as the minima in the ankle vertical time series (Li et al., 1999) . For lateral running, however, since 119 participants ran on their forefoot and had toe strikes instead of heel strikes, this algorithm was operated 120 using toe markers. Foot center of mass (COM) was determined as the midpoint of the heel and toe 121 markers during foot contact with the treadmill surface (Wurdeman et al., 2012) . The calculation of 122 variables was based on the work of Balasubramanian et al. (2010) and Wurdeman et al. (2012) and 123 modified for analysis of running patterns. For forward running, the introduced variables were calculated 124 for both right and left legs. However, due to the similarity of the results, we report the results of right leg 125
here. For lateral running however, the foot placement variables were calculated and reported for both lead 126 and lag legs. The standard deviation (SD) of foot placement variables and coefficient of variation (i.e. SD 127 divided by the mean; CoV) were calculated over 100 strides as the linear measures of foot placement 128 variability. SaEn quantifies the degree of predictability or regularity of a time series (Lamoth et al., 2010) , and is 136 defined as the probability that a sequence of data points, having repeated itself within a tolerance r for a 137 window length m, will also repeat itself for m+1 points, without allowing self-matches (Lamoth et al., 138 2009). Smaller SaEn value indicates greater regularity and predictability of the time series. Greater 139 regularity of the kinematic time series in human movement has been reported as an indication of higher 140 stability and more control (Lamoth et al., 2010) . To calculate SaEn, two input parameters m, the window 141 length that will be compared, and r, the similarity criterion, are needed. To determine these parameters, 142 the approach suggested by Yentes et al. (2013) was applied in the present study. That is, a range of m 143 (m=2 and m=3) and r (r=0.1 and r=0.2 times the standard deviation of the time series) were used. 144
However, since the results were consistent between all combinations of m and r, m=2 and r=0.2 were 145 used in this study. SaEn was calculated based on the foot placement variables introduced in Table 1 . 146
The LDE measures the exponential rate of divergence of neighbouring trajectories in the state space 147 (Rosenstein et al., 1993) . Since LDE measures the rate of divergence of the trajectories, a greater LDE 148 value is indicative of lower levels of local dynamic stability of a system. To calculate the LDE first, a 149 state space with appropriate dimension and time delay was reconstructed based on Takens's (1981) theory 150 (Kantz & Schreiber, 2004; Takens, 1981) . Time delay is determined as the first local minimum of average 151 mutual information (AMI) function (Fraser, 1986) . A time delay of 10 samples was found to be 152 appropriate for data associated with the AP and ML directions. In addition, a Global False Nearest 153
Neighbors (GFNN) measure was used to determine embedding dimension (Kennel, et al., 1992) . For the8 purpose of this study, an embedding dimension of 5 was calculated for data associated with AP and ML 155 directions. All time series were time-normalized to an equal length of 10000 points. A total number of 156 100 consecutive strides were analyzed. The approach implemented in this study was introduced by 157 
2006). 163
Due to possible loss of information at critical points, non-filtered time-series were used to calculate both 164 LDE and SaEn (Dingwell & Marin, 2006) . For SaEn, the time series were also normalized to unit 165 variance which results in the outcome being scale-independent (Lamoth et al., 2010) . In addition, due to 166 the nonstationarities encountered in the biological time series, differenced time series were used to 167 calculate the LDE and SaEn (Yentes et al., 2013) . 168
Statistical analyses 169
Data associated with forward and lateral running were analyzed separately. Separate two-way repeated 170 measure analyses of variance (ANOVA) were performed to determine the effect of plane of progression 171 (AP or ML) and gait event (foot contact and foot off) on SD, CoV and SaEn. In addition, separate 172 independent t-test analyses were performed to determine the difference in the LDE between AP and ML 173 directions. Statistical significance was set at P<0.05. 174
Results 175
Standard deviation (SD) 176
The results of ANOVAs for SD values are presented in Table 2 P=0.009), withthe ML direction exhibiting higher SDs (Figure 1, down left) . 183
Coefficient of variation (CoV) 184
The results of ANOVAs for CoV are presented in Table 3 
Sample entropy (SaEn) 192
According to the results presented in Table 4 
Local divergence exponent (LDE) 199
The results of LDE for C7 marker are shown in 
Linear measures of variability 211
The results of our study revealed that measurement of foot placement variability using linear methods 212 (SD and CoV) led to some contradictory outcomes. That is, while the results of SD analyses showed that 213 foot placement variability was greater in the primary plane of progression (Table 2 and (2012) on walking.They reported that this outcome might be primarily due to the significantly different 217 scales of step length and step width in running. Arellano and Kram (2011) reported that there is minimal 218 variability of step width in forward running, suggesting that there might be little need for active control in 219 the ML direction. However, greater magnitude of variability could also be interpreted as the result of poor 220 system control. In other words, higher magnitude of variability could signify that it might be unnecessary 221 for a system to control movement in that direction (see the study of Rosenblatt et al., 2014 on walking). 222
Therefore, it could be argued that measuring magnitude of variability might not be an appropriate 223 approach to understand control mechanisms in human locomotion. 224
Dynamic stability in primary versus secondary planes of progression 225
Our results on quantifying dynamic stability using both SaEn and LDE suggest that there are lower levels 226 of dynamic stability in the primary plane of progression in running. That is, our observations of greater 227 values of SaEn in the primary plane of progression (Table 4 and Figure 2 ) demonstrate that the foot 228 placement time series were less regular in the primary plane of progression. Greater regularity of the 229 kinematic time series in human movement has been reported as an indication of higher stability and more 230 control (Lamoth et al., 2010) . Therefore, our results on SaEn suggest that dynamic stability was lower in 231 the primary plane of progression which requires increased control to regulate dynamic stability. Our 232 findings also indicated that local dynamic stability was lower in the primary plane of progression in both 233 running patterns (Figure 3) . The lower levels of dynamic stability in the primary plane of progression 234 could imply that more control might be required to maintain system dynamic stability in this direction. 235
Taken together, these results imply that, since nonlinear measures quantify dynamic stability of 236 locomotion directly, they might be more appropriate to investigate the mechanisms of control in human 237
locomotion. 238
Studies on designing running robots, has shown that active control input is required to facilitate any 239 recovery from perturbations (Hyon & Emura, 2004; McGeer, 1990; Raibert et al., 1989) . These findings 240 are therefore, aligned with the results of our study where participants tried to functionally respond to 241 inherent local perturbations (for a study on the stability of running in the ML direction, see Seipel & 242
Holmes, 2005). 243
Furthermore, the lower dynamic stability in the primary plane of progression in both forward and lateral 244 running implies that, as in walking (Wurdeman et al., 2012) , the control of stability in AP and ML 245 directions of running, is also dependent on the direction of progression, and is not set a priori, based on 246 anatomical planes of the human body. 247 248
Differences between walking and running in controlling stability 249
The findings of this study imply that the mechanisms of controlling stability differ between walking and 250 running. That is, while previous studies on walking have indicated that there is higher dynamic stability in 251 the primary plane of progression (Bauby & Kuo, 2000; Donelan et al., 2004) , our data suggested that 252 dynamic stability is lower in the primary plane of progression in running. This distinction might be 253 caused by differences in the mechanics of walking and running. That is, since there is a flight phase in 254 running where both feet are off the ground, increased sensory feedback might be required to control foot 255 placement adaptation in the primary plane of progression. 256
Limitations 257
Calculation of SaEn is highly sensitive to the window length, m, and the similarity criterion, r. Therefore, 258 extensive effort should be assigned to the appropriate choice of m, and r. For the purpose of this study, the 259 results were consistent over all pairs of m, and r that we investigated in our study. 260
Conclusions 261
There are three main conclusions associated with this study. First, our findings indicated that there is 262 lower dynamic stability, in the primary plane of progression during both forward and lateral running. 263
These data suggested that, unlike walking, greater control might be required to regulate system stability in 264 the primary plane of progression during running. Second, results demonstrated that as in walking, control 265 of stability in AP and ML directions of running, is dependent on the direction of progression. Finally, our 266 data indicated that measuring the magnitude of movement variability might not be sufficient to 267 understand control mechanisms in human movement, and quantifying system dynamic stability could 268 serve as an appropriate alternative. 269
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Tables: 370   Table 1 : foot placement variables and their definitions. Pelvis center of mass (COM) was calculated as the 371 centroid of the three S1 and right and left anterior superior iliac spine markers in the horizontal plane. In 372 forward running, the variables were calculated for right leg. In lateral running, the variables were 373 calculated for both lead and lag legs. 
